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F. Nakamura, M. Kodama, S. Sakita, Y. Maeno, and T. Fujita
Department of Physics, Faculty of Science, Hiroshima University, Higashi-Hiroshima 739, Japan

H. Takahashi and N. Mo
Institute for Solid State Physics, University of Tokyo, 7-22-1 Roppongi, Tokyo 106, Japan

(Received 24 April 1996

Pressure dependence of out-of-plane resistigityhas been investigated in an optimally-doped high-
cuprate La_,Sr,CuO,. By applying pressure, we found a drastic decrease irwhich reaches 50% at
P=8 GPa. This surprisingly larg® dependence implies that the thermal contraction alongctlais is
significantly reflected in the.(T) curve, leading to a metal-like term; hence,LaSr,CuQ, is essentially
characterized as a two-dimensional metal modified with nonmetallic conduction betweenl&@e®s. Tun-
neling is suggested for a possible mechanismpfar[S0163-182896)05138-7

It is known that the highF, cuprates are characterized by x-ray diffraction under quasihydrostatic pressarmdicate
strong electron-electron correlations and by two-dimensionahat the suppression rate dfy with applying hydrostatic
character of the electronic states, the latter of which is enpressure isdTy/dP~—120 K/GPa for optimally-doped
hanced from that expected from band calculatbf@ in-  single crystalline LSCOX=0.15. Therefore, the structural
vestigate the details of the out-of-plane conduction, which igransition atT4=160-180 K for LSCO withx=0.15 can be
closely related to the two dimensionality, provides a crucialcompletely suppressed by applying hydrostatic pressure
test for various theories of high; superconductivity ® A P= 1.5 GPa. We report here the pressure and temperature
nonmetallic increase in the out-of-plane resistivily at  dependence of the electrical resistivity along thaxis at
low temperatures has often been considered to reflect theressures up to 8 GPa.
exotic electronic states described in terms of the LSCO crystals with the tetragonél10 direction along
resonating-valence-bofid or the marginal-Fermi-liquif  the rod were grown by a traveling-solvent floating-zone
theories. However, the actual temperature dependence afethod'® The Sr concentration of the crystals used in this
pc. especiallyT-linear metallic conduction at high tempera- work is x=0.145, as determined by electron-probe mi-
tures, which suggests a crossover from three-dimensionaroanalysis. The value is consistent witlexpected from the
metallic conduction at high temperatures to two-dimensionabbservedry of 170 K. The x-ray rocking curve measurement
one at low temperatures, has not been understood. with CuKe radiation gives the full width at half maximum of

The electrical and  structural  properties  of 0.09+0.01° for the(006) reflection. To our knowledge, the
La,_,Sr,CuQ, (LSCO), which is known as a model system mosaic spread of the axis direction indicated by this width
of high-T, superconductors, have extensively been investiis less than that ever reported for LSGBOn order to mini-
gated over the wide range of carrier concentration. Howevelnize the strains and oxygen deficiencies, the crystals were
for LSCO with x<<0.2 the presence of structural transition annealed in flowing @ atmosphere at 900°C for 24 h and
prevents us from observing the generic temperature depe00° C for 50 h. As a result, the oxygen deficiencies of the
dence ofp.. A change of slope is clearly observed in crystals, which were determined by an iodine-titration
pc(T) curve at a temperature corresponding to the structurahethod, were 0.01 or less. Zero resistivity was observed be-
transition temperaturgy from a tetragonal to an orthorhom- |ow T ~ 35 K.
bic phasé! In the tetragonal phase aboWg, p. exhibits The pressure was generated by using a cubic-anvil
T-linear metallic conduction, but in the orthorhombic phasedevice!® Nearly hydrostatic compression was achieved with
below T, p. shows nonmetallic dependence. On the othem pressure transmitting medium: a mixture of Fluorinert
hand, the in-phase resistivipy, shows the metallic conduc- FC70 and FC7#° The resistivity measurements were per-
tion at all temperatures investigated up to 803°Klhese formed both on cooling and heating at each pressure, after
suggest that the crossover from three-dimensional to twothe applied pressure was changed at room temperature. The
dimensional metallic conduction occurs as a result of thepressure applied to the anvil unit was controlled to be con-
structural transition. In contrast, the optical conductivity stant within 3% during the temperature excursion.
along thec axis has been reported to show a non-Drude type, The resistivity along thee axis p, was measured by a
nonmetallic spectrufd over the temperature range in which standard four-probe method under hydrostatic presBusp
the electrical resistivity along the axis shows the metallic to 8 GPa in the temperature range of 4.2—300 K. The crystals
conduction. In order to resolve this controversy and to unwere cut into rectangles with dimensions of
derstand better the intrinsic conduction along thaxis in  L;0XL110XLoo;=0.34X0.34x 1.2 mnT in the tetragonal
LSCO, it is desirable to clarify the temperature dependenceaotation. As electrical leads, gold wires of 28n diameter
of p. without the influence of the structural transition. were attached with indium solder to the electrodes made of

Our thermal expansion stutfyand the reported result of gold paste with a post heat treatment. Fh€T) curves un-
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FIG. 1. Temperature dependencepgfimeasured in the presence ) )
of pressures up to 7.3 GPa. Broken line shows the variatigs, of FIG. 2. TheP dependence of inverse at 297 K. The inverse
estimated simply from the thermal contraction. Arrow shows thePc increases aimost linearly up to 8 GPa. Dotted line is a guide to
structural transition temperatulg =170 K under ambient pressure. the eye.

der the ambient pressure before and after the high-pressueéent that the carrier number of LSCO changes little with
measurements agree well with each other, indicating that a;P.24 This large P dependence observed in the
plied pressure did not damage the sample. It is necessary foindependent term is a key feature to be understood but
correct for a change of the sample dimension under pressuregems to have been overlooked in previous studies.
when we evaluate the resistivity from the resistance. From Pressure causes a variation of the lattice parameters. The
the compressibility of LSCO witkk=0.152 the correction  reportedP dependence qf,p, up to 2 GPgRef. 25 is much
of p. amounts to about-1.6% at 8 GPa. smaller than that gf. . The observed dependence gf. up
Figure 1 shows the temperature dependenceofor  to 8 GPa is too large to be interpreted in terms of a variation
LSCO withx=0.145 measured on heating in the presence off the lattice parameters based on band thedfiéserefore,
P up to 7.3 GPa. A change in the slope pf(T) curve  we need a mechanism other than that predicted by band cal-
measured under ambient pressure is evident at arourfilations.
T4=170 K. By applyingP= 1.5 GPa, which should sup- Let us discuss this large dependence of. in associa-
press the structural phase transition completely, this featuréon with the variation of the lattice parametey or the dis-
in pe(T) actually disappeared. A small hump observed fortance between Cuflayers. TheP dependence of the lattice
P=1.5 GPa around 200 K is attributable to a freezing pointparametecc at room temperature for LSCO with=0.15 is
of the transmitting medium. Even in the absence of the strucapproximated by c(P)=cy(1—k.P+B8.P?), in which
trual transition, however, the nonmetalpig is observed be- €o=13.225 A is the lattice parameter at room temperature
low about 100 K. A minimum in the.(T) curve at around under ambient pressure, and the compressibility along the
60 K under ambient pressure shifts to higher temperaturexis k.=2.3x10"® (GPa~! and the coefficient
with increasingP. These results clearly indicate that the ap-8.=4.5x10 ° (GPa 2 are known from an x-ray diffrac-
pearance of the nonmetallig, at low temperatures does not tion measuremefitunder hydrostatic pressure up to 11 GPa.
require the orthorhombicity. The.(T) of LSCO is therefore The pressure of 8 GPa reduces the lattice parantetay
composed of three contributions: the one described by.6%. In Fig. 3, theP dependence ab. at 297 K is plotted
AT+B at high temperatures, behavior related to the orthoas a function of the lattice parametzra small variation of
rhombic phase, and semiconductorlike increase at low tenthe lattice parameter induces the large change i .
peratures. We note th@t, is suppressed by applyirig. This We should note that the lattice parametetlepends also
suppression is reasonably explained by the uniaxial-stres® temperature. Consequently, a variationcadue to ther-
effect€>?? along thec axis, which is probably caused by a mal  contraction ~with the expansion coefficient
small deviation from hydrostatic stress at low temperaturesa.~1.7x 10 > K ~! is expected to contribute equally to the
The P dependence op. was measured at 297 K. With change inp.. The broken line in Fig. 1 shows the variation
increasing P, we found a drastic decrease . which  of p. estimated simply from the thermal contraction and the
reaches as small as 50% at 8 GPa. The invpgsecreases dependence op. on c inferred from the results of the
almost linearly without saturation, as shown in Fig. 2. Sincepresent measurements under pressure. The estimated
the slopeA of the T-linear contribution at high temperatures shows rather precis@-linear dependence at the rate of
remains nearly unchanged f& between 1.5 and 7.3 GPa, dp,/dT~0.8x10 *Q cm/K, while theT-linear term in the
this surprisingly largeP dependence is mainly in the observedp. has a slope oflp./dT~1.1x10"4Q cm/K at
T-independent terrB. This term would be usually regarded ambient pressure and 80 *Q cm/K at 1.5 GPa. For the
as residual resistivity, attributable to elastic scattering proestimated value at ambient pressure, it is necessary to take
cesses. Such a large decreaspdrtould occuf® if the car-  account of the extra effect associated with the structural tran-
rier number changes drastically by applyiRg However, it  sition. Nevertheless, the observed values nearly agree with
has been reported from the measurements of the Hall coeffihe estimated one, though it is necessary for the careful com-
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, : ; : | High-temperature.(T) is successfully reproduced by the
tunneling model, which is governed by the distance between
CuO, layers. The semiconductorlike behavior of(T) at

Lay g555r0.145CUO, ]

0.06 lower temperatures, however, cannot be explained solely by
’E‘ I such a tunneling process unless the decrease,ait lower
O temperatures is considered. In order to understand the out-
30-04 of-plane conduction over the whole temperature reange, it is
S i necessary to clarify quantitatively the nonmetallic increase of

0.02- 0.5% pc(T) at lower temperatures. Recently, a logarithmic in-

1 crease ofp(T) in the temperature range of 0.3 to 30 K has
been reported from the measurements in which the supercon-
132 ' 131 ' 13.0 ductivity is suppressed by a_large magnetic f?@lAIthough
the presence of magnetoresistance and the behavior related to
the orthorhombic phase, including the leak current through
the twin boundarie$® may complicate the observation of the
intrinsic semiconductorlike increase, the above experiment
change inp.. A change inc(P.T) by —0.5% correspond to the no doubt involves an important clue to thiedependence of

change of temperature by 300 K or applyiRg=2 GPa. Solid line An. . . S
Showsp.~ poexp2c(P,T)/A,} with A, ~0.5 A based on a tunneling We next discuss the implication of th>e dependence
process. based on the present results, though our investigation so far

has been concentrated on optimally-doped crystals. The con-
duction for x<0.2 is characterized by large anisotropy
pclpay and the two dimensionality. The large
T-independent term ip., which is interpreted in terms of
parison to consider the change of electronic states caused Bye interlayer tunneling, increases with decreasingvhile
the variation of in-plane lattice parameters. This result indihe T-linear variation is attributable to the thermal contrac-
cates that the observelHinear contribution inp. is pre-  tjon. On the other hand, the conduction $0r0.2 is charac-
dominantly determined by the effect of thermal contractionieized by bandlike transport, because the optical conductiv-
along thec axis. Therefore, the intrinsic interlayer transport ity along the ¢ axis recovers a Drude-type metallic

mechanism of LSCO is essentially nonmetallic and it 'Sspectruml.3 As a resultP dependence g, in this region of

g\r/%?arggcﬂgag(incizsgggﬁég(%d uce a metal-nonmetal CrOS?(Would probably be small. This inference can be confirmed

The next question to be discussed is about the conductiollq”ry resistivity measurements undeffor LSCO with the wide

mechanism along the axis. For optimally-doped and X range, which we are now promoting. .

lightly-doped highT cuprates, the interpretation in terms of T-linear p; Is observed fgr optimally - doped
coherent conduction can be excluded from the considerYB22CUsO7_s, another model of higf-. cuprates. To the
ations, because tHe dependence of out-of-plane conduction P€st of our knowledgep(T) under high pressure has not
for LSCO with x=0.15 is essentially nonmetallic and the bgen reported, and it is worth investigation. One |mport§1nt
interlayer distance is much longer than the mean-free patflifférence between YB#£u;0;_;and the present system is
along thec axis at all temperaturé®’ Instead, hight., cu- that the carrier den5|ty_ of the former changes with pressure.
prates may be modeled by parallel Cu@yers which are Hence the interpretation of the result would not be as
weakly coupled with each other by tunneling or quantumStraightforward as that presented here.

hopping. The largd -independent term, which is character- N conclusion, pressure dependenceppfrevealed that a

ized by strong dependence on pressure, can be understoodSfall variation of the lattice parameter induces a large
terms of such a tunneling process. change ofp. in optimally-doped LSCO. The observed

An exponential change ip, is probably induced by a T-Iinear term inp. is apparent m(_atallic condycti_on, because
variation ofc with tunneling between Cu@layers. Thep, is it can be regeared as a predominant contribution of thermal
" C

proportional totl_2 with an interlayer tunneling matrix ele- co?trac;uc?lrj aLor;]g the ?}X'S' As faré\s we knovtv,dth;)s fappar_l-_h
ment t, approximately given byt, ~exp—c(P,T)/A,}, ent metallic behavior has never been reported before. The

wherec/2 is the interlayer distance and, is a characteristic ?onmet?l[lrl]c ctondulc_:tlon along :hea;](ls can bbe tdescrlbedq in N
penetration length into the barrier. Consequengly,is ex- ermslo € unnﬁ_lng or guan .um” ogplngd cetween adjacen
pressed byp.~ poexp2c(P.T)/A,}, wherep, is a constant. C_qu ayers. In this sense optimally-doped LSCO is a two-
Here the pressure and temperature dependence of the Iattiggnensmnal metal over the whole temperature range.
parameter ¢ is expressed by c(P,T)=co{1—k.P We wish to thank C. Murayama, |. Terasaki, and S.
+ B.P?— (295 K—T)}. The observed pressure depen-Uchida for fruitful discussions, N. Kikugawa for his techni-
dence ofp [ c(P)] at room temperature is in good agreementcal support, and A. Minami for EPMA. This work was sup-
with that estimated from the above expression withported by a Grant-in-Aid for Scientific Research on Priority
A,~0.5 A as shown in Fig. 3 by a solid line. We note hereAreas, “Anomalous Metallic State near the Mott Transi-
that the above expression fagr,(T) is approximated by tion” given by the Ministry of Education, Science, Sports
AT+B in the wide temperature range. and Culture of Japan.

FIG. 3. TheP dependence gb. at 297 K plotted as a function
of the lattice parametear. A small variation ofc induces the large
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